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tric Ni 1.,0 
gnetron sputtering 
Non-stoichiometric Nit.xO thin films were prepared on glass substrate by direct current reactive mag­
netron sputtering in a large range of oxygen partial pressure (0 � Po2 � 1 Pa). The dependence of the 
deposited film structure and properties on oxygen stoichiometry were systematically analyzed by X­
ray diffraction, X-ray reflectivity, X-ray photoemission spectroscopy, Raman spectroscopy, atomic force 
microscopy, UV-vis measurements and electrical transport properties measurements. The deposition 
rates, surface morphology and opto-electric.al properties are very sensitive to the oxygen partial pressure 
lower than 0.05 Pa due to the presence of metallic nickel cluster phase determined by X-ray diffraction, 
X-ray reflectivity and XPS spectroscopy. Presence of nanocrystallized NiO phase was highlighted even for
3P02 = 0 Pa. For P02 > 0.05 Pa, only the NiO phase was detected. Progressive appearance of Ni • species is
characterized by a fine increase of the lattice parameter and ( 111) preferred orientation determined by
grazing angle X-ray diffraction, fine increase of the X-ray reflectivity critical angle, displacement of the
Ni 2p312 signal towards lower energy, significant increase of the electric.al conductivity and decrease of 
the total transmittance. Quantification ofNi3• by XPS method is discussed. We also showed that the use 
of Raman spectroscopy was relevant for demonstrating the presence of Ni3• in the Nit.xO thin films.
re ar
react
t (DC
 Sput
,13). 
depo
ratur
pyrol
y use
nt ci
 pro
ons l
el cotion 
xide (NiO) thin films have a wide range of applica­
 their excellent chemical stability, optical and electrical 
and other kind of properties and performances. They 
widely used and mostly studied as anodic coloration 
 inorganic smart windows and electrochromic devices 
 have been also studied as hydrogen and other gas sen­
ls (6), thin film transistors (7) and capacitors (8). As a 
andidate of p-type transparent conducting films (9). 
e thin films have been investigated as hale-transport 
in optoelectronic devices (10) and thin film diodes 
g many potential applications, nickel oxide thin films 
The
them, 
Curren
netron
[1,7,12
electro
tempe
spray 
quentl
differe
studied
conditi
to nickhown excellent properties and performances as anodic 
aterials in electrochromic devices and as p-type trans­
i-conductive materials in relevant devices. 
ding author. 
ress: bamabe@chimie.ups-tlse.fr (A. Barnabé). 
rg/10.1016/j.apsusc.2017.05.095  
The oxid
factor whic
conductivit
elements fo
been invest
ln this w
nickel oxid
motivation:
[18.19) ande several methods to prepare nickel oxide films. Among 
ive magnetron sputtering methods including Direct 
), Radio Frequency (RF), and High Power Impulse Mag­
tering (HiPIMS) are the most popularly used methods 
Other methods such as chemical vapor deposition (3), 
sition (4 ). pulsed laser deposition [ 5 ), epitaxial [8), low­
e combustion synthesis (10), sol-gel deposition (14). 
ysis (15) and thermal evaporation (16) are also fre­
d to prepared nickel oxide thin films according to 
rcumstances. Ali of the characterized and intensively 
perties of the nickel oxide thin films as the deposition 
ike the oxygen partial pressure showed various oxygen 
ncentration (Ni1_xO) and multiple nickel valences. 
ation state of the nickel in the NiO thin films is the key 
h impacts the physical properties such as the electrical 
y and the optical transmittance Doping or substituting 
r nickel to improve the oxide films properties has also 
igated (17). 
ork, we have been interested in non-stoichiometric 
e (Ni1_xO) thin films with two potential applications 
 anodic coloration layers in electrochromic devices 
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Table 1
Ni1-xO thin ﬁlm deposition oxygen pressure conditions and their respective thick-
ness, deposition rate and crystalline phases determined by XRD.
Sample pO2 Thickness Deposition rate Crystalline Phases
No. (Pa) (nm) (nm/min) (in weight%)
#01. 0.00 250 8.2 Ni +NiO ()
#02 0.02 260 8.5 Ni +NiO ()
#03 0.04 300 9.9 Ni +NiO (55%)
#04 0.05 300 16.1 Ni +NiO (86%)
#05 0.07 290 20.0 NiO
#06 0.09 300 20.7 NiO
#07 0.13 300 11.0 NiO
#08 0.14 300 11.0 NiO
#09 0.16 250 10.3 NiO
#10 0.40 250 10.0 NiO
#11 0.60 300 9.0 NiO
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wo applications oriented properties and performances, prepara-
ion methods and deposition conditions, microstructures of the
lms, electrical and optical properties are all critical inﬂuential fac-
ors and closely correlated to those performances. But up to now,
ven if there are large amount of publications on the nickel oxide
hin ﬁlms, there are still many unclear properties and some under-
tanding disparities among speciﬁc experimental results. All the
eposition adjustable parameters, as for instance the different sub-
trate materials [20], are still worthwhile to be further individually
tudied to advance understanding of the basic physics and chem-
stry and to promote the applications of the nickel oxide thin ﬁlm
aterials.
In this work, we use DC reactive magnetron sputtering to
repare nickel oxide thin ﬁlms within large range of oxygen con-
entration in order to induce various nickel oxidation states in the
lms.Weusedetailed structural,microstructural andspectroscopic
nalysis as well as electrical and optical measurements to charac-
erize the thin ﬁlms in order to obtain clear information about their
roperties.
. Experimental details
Many Ni1-xO thin ﬁlms were deposited on the soda lime glass
ubstrate at room temperature using DC reactive magnetron sput-
ering by introducing various Ar/O2 mixture gas ﬂow, which
an be converted into different oxygen partial pressures pO2
pO2 = (ﬂowO2/(ﬂowO2 +ﬂowAr)×ptot)) whereas the total pressure
f depositionptot was kept the same for all ﬁlmsdeposition at about
Pa. 60mm in diameter round plate nickel metal target of 99.99%
urity was used and distance between the target and the substrate
as kept at about 100mm. By controlling the deposition time and
ate, we prepared a series of thin ﬁlms with roughly similar thick-
ess of around 300nm under different oxygen partial pressures.
he preparation conditions ofNi1-xO thinﬁlmsnumbered from#01
o #13 are listed in Table 1.
Before the deposition of the Ni1-xO ﬁlms, all the glass substrates
ere cleaned in acetone, ethanol and deionized water with ultra-
onic wave cleaning machine successively for 20 mins and then
ried with nitrogen gas. Using a turbo molecular pump combined
ith a rotary pump, the sputtering chamber background vacuum
eaches less than 3×10−3 Pa for each sample before its deposi-
ion. The sputtering gases ﬂow input is mixed with argon (99.99%)
nd oxygen (99.99%) and the ﬂow rates were controlled with mass
ow controllers separately. Metal nickel target was pre-sputtered
n an argon atmosphere for 5min to remove the contamina-
ions on surface before each new deposition. The thickness of the
eposited ﬁlms was measured using a Dektak 3030ST mechani-
al proﬁlometer along a step made through a shadow mask duringthe deposition. The crystal structural properties and the accurate
thickness anddensityof the sampleswereanalyzedbyGrazing Inci-
denceX-raydiffraction (GI-XRD) andX-RayReﬂectivity (XRR)using
a Bruker-AXS D8-Advance X-ray diffractometer equipped with a
copper source (CuK1 =1.5405Å and CuK2 =1.5445Å), a Göbel
mirror and Bruker LynxEye detector used in 0D/1D mode. The GI-
XRD data were analyzed with the Bruker-EVA software, JC-PDF
database and reﬁned with the Rietveld method implemented in
the FullProf-Suite program. The XRR data were treated with the
Bruker-LEPTOS software. The surface morphologies were analyzed
by Atomic Force Microscopy (AFM) with a NanoScope III Dimen-
sion 3000 microscope. A Thermo Scientiﬁc K-Alpha apparatus was
used for X-ray photoelectron spectroscopy (XPS) measurements,
using a monochromatic Al K radiation (1486.6 eV) with a 400m
spot size. Peaks were scanned at 50eV pass energy. The spectrom-
eter was equipped with ions gun which has been used to clean the
surface of the sample (200eV during 180 s). The binding energies
(BE) have been referenced to the 1 s carbon peak (atmospheric con-
tamination) at 284.9 eV. Raman spectra were collected by using a
LabRAM HR 800 Jobin Yvon spectrometer with a laser operating at
532nm. Spectra acquisition was carried out with a×100 objective
lens and 600gmm−1 grating. The electrical conductivity at room
temperature of the ﬁlms was measured in four probes mode using
the line conﬁguration with a spacing between probes of 1.6mm.
The sizes of the ﬁlm were used to calculate the shape factor cor-
rection (S) [21]. The optical transmittance and reﬂectance spectra
were measured using a Bentham PVE300 sphere integrated UV–vis
spectrophotometer over awavelength rangeof 300–1100nmat the
room temperature.
3. Results and discussion
3.1. Deposition rate
As for the design of the experiment, the condition of the ﬁlm
deposition, like the deposition time, the power and the pressure
of oxygen were ﬁxed. The ﬁlm thicknesses are systematically mea-
sured by proﬁlometry and reported in Table 1. According to the
ﬁxed deposition time, the deposition rate has been calculated and
also reported in Table 1 for each oxygen partial pressure (pO2). The
deposition rate is strongly dependent on pO2 and it can be divided
into two parts. In the ﬁrst part whereas pO2 <0.1 Pa, i.e. for sam-
ples #01 to #06, the deposition rate grows up to the maximum
rate of 20.7nm/min with the gradually increasing oxygen partial
pressure. This phenomena iswell known in reactive sputteringpro-
cess [22–24] and is due to the progressive incorporation of oxygen
in the metallic growing layer when pO2 is increased. In the sec-
ond part whereas pO2 >0.1 Pa, i.e. for samples #07 to #13, we can
observe that thedeposition ratedecreasesdramatically in twosteps
when the oxygen partial pressure increases. It can be explained
by the reaction of the oxygen with the target erosion zone which
lead to the formation of less conductive oxide layer at the surface
of the metallic nickel and a strong decrease of the target voltage
associated to a decrease of the deposition rate.
3.2. Structural properties
The GI-XRD patterns of the ﬁlms deposited at different oxygen
partial pressures (samples #01 to #13) are presented in Fig. 1a.
The variation of the oxygen partial pressure induces big differ-
ence on the structure of the deposited ﬁlms. For the lower pO2,
i.e. for samples #01 and #02, characteristic (111), (200) and (220)
Bragg’s peaks of Ni metal (space group F m–3m with a≈3.523Å)
are clearly visible. With the increase of pO2, the NiO face-centered
cubic rock salt structure (space group F m–3m with a≈4.2Å)
F tial pressure pO2. b) Zoom of the GI-XRD pattern of sample #03 which exhibit the Ni and
N ter versus pO2 deduced from Rietveld reﬁnement.
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iig. 1. a) GI-XRD patterns of samples #01 to #13 deposited at different oxygen par
iO phases mixture as determined by Rietveld reﬁnement. c) Ni1-xO lattice parame
ppears notably through the increase of the (111), (200), (220),
311) and (222) Bragg’s peaks between 30◦ and 85◦ in the 2
ange. Even for the very lowpO2 deposition conditions (sample #02
eposited at pO2 =0.02Pa but also for sample #01 deposited in pure
r), very weak and broad peaks located at 2≈37.3 and 63.0◦ are
isible indicating that a few amount of nanocrystallized NiO could
lready be present in these samples. In these cases, the NiO phase
s not really quantiﬁable due to the weaknesses of the peak and
as noted as  in Table 1. For sample #03 (Fig. 1b), both Ni and
iO phases are present and quantiﬁable in the 45%w to 55%w ratio
espectively. Ni metal is still detectable for sample #04 at 14%w
ut completely vanishes for samples #05 (pO2 =0.07Pa) and all the
ther ﬁlms deposited at higher pO2.
With the increase of the oxygen partial pressure during the
eposition process, the lattice parameter of the Ni1-xO phase
aNiO) continuously evolves as shown in Fig. 1c. A large change
s ﬁrst observed from sample #03 (a =4.174(2)Å) to sample #07
a=4.1996(6)Å) and then followed by a smoother increasing up
o sample #13 (a =4.2172(1)Å). The ﬁrst increase corresponds to
he stabilization of the stoichiometric bunsenite NiO phase in low
xygen partial pressure. Ni0 tends to be fully oxidized in Ni2+
s demonstrated by the disappearance of Ni metallic phase after
O2 ≈0.07Pa (sample#05). Latticeparameterof sample#07 is close
o the one of the bulk reference [25]. The second increase from
ample #07 to sample #13, i.e for pO2 >0.13Pa, could be attributed
o the increase of nickel vacancies and concomitant introduction
f Ni3+ species (even if ionic radii of Ni3+ is smaller than the one
f Ni2+ in 6-fold octahedral coordination) as previously reported
y many authors [26,27]. This phenomenon expands for the high-
st pO2. One can note that the peak of Ni2O3 is never observed as
rystalline phase in this work.
No speciﬁc preferred orientation is observed for the NiO phase
n sample #07, but a (111) preferred orientation tends to increaseFig. 2. XRR spectra of selected samples and evolution of the critical angle as a
function of the oxygen partial pressure in inset.
from sample #07 to sample #13 (i.e. for pO2 >0.13Pa) as previ-
ously observed in similar ﬁlms [28,29]. In the cubic NiO rock salt
structure, the (111) plane corresponds to the pure compact plane
of oxygen. With the oxygen partial pressure increasing, the {111}
family plane shift away might be due to excess oxygen segregation
at the grain boundaries [30]. Given by Seo et al. [26], this phe-
nomenon is relevant with the increasing nickel vacancies because
oxygen content is raised.
In addition to GI-XRD analysis, the surface-sensitive analysis of
all the Ni1-xO ﬁlms have been carried out by specular X-Ray Reﬂec-
tivity (XRR) and presented in Fig. 2 for selected samples.
In the XRR spectra, thickness oscillations of X-ray intensity are
not visible due to the high thickness of the samples. A simplemodel
made of glass substrate (inﬁnite thickness, Glass = 2.38g cm−3 and
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doughness <1nm independently characterized) and NiO layer was
mplemented in the Bruker-Leptos program. For each deposited
lm, experimental XRR data were ﬁtted with the genetic method
nd allow to reﬁne the thickness, roughness and density ()
ariables of the ﬁlm. The critical angle (c) which is directly pro-
ortional to the electron density (c ∝ √e-) and deduced from this
eﬁnement, is reported for all the samples in the inset of Fig. 2.
The critical angles obtained for ﬁlms deposited under different
xygen partial pressures are very different. The dense nickel metal
eads to the large critical angle under lower oxygen partial pres-
ure. From sample #01 to #06, i.e. in the 0.0≤pO2 ≤0.09Pa range,
he critical angle rapidly decreases from c = 0.67◦ down to 0.54◦.
ith nickel reacting to the oxygen, the critical angle gets smaller
ue to the decrease of the density of the ﬁlm (Ni = 8.91g cm−3;
NiO =6.72g cm−3). Thisbehavior is also ingoodagreementwith the
ncrease of the deposition rate (Table 1) and the concomitant dis-
ppearance of themetallic Ni phase previously observed byGI-XRD
Fig. 1) in this pO2 range.
For pO2 >0.10Pa, i.e. for sample #09 up to sample #13, the
ritical angle is quite stable at around c ≈0.56◦. One can note
constant increase of the critical angle for the three samples
eposited with the highest oxygen partial pressure. This could be
orrelated to the increasing of the nickel vacancies as the forma-
ion of one nickel vacancy is accompanied by transition of two Ni2+
ons to Ni3+ ions (if it supposed that all Ni3+ ions are resulted from
he formation of Ni vacancies) [31]. However the true nature of
he non-stoichiometry taking place in nickel oxide based thin ﬁlms
hen pO2 increases, i.e. when an increase in Ni3+ concentration
ccurs, showing an increase in the critical angle still needs to be
lariﬁed.
For a better understanding of this behavior, NiO thin ﬁlms
eposited under various oxygen partial pressures were examined
y X-ray Photoelectron Spectroscopy (XPS) and Raman spec-
roscopy. A commercial oxygen-rich “black” NiO powder was also
nalyzed for comparison. The corresponding XPS and Raman spec-
ra are presented in Fig. 3.
Fig. 3a shows the XPS spectra of four speciﬁc ﬁlms (not listed
n Table 1) deposited in identical condition but with different oxy-
en partial pressures (0.04, 0.05, 0.11 and 0.16Pa) in the pO2 range
hereas the Ni0 metal is oxidized into Ni2+ and potentially Ni3+ as
reviouslydeterminedbyGI-XRDandXRRstudieswith theapprox-
mate threshold pressure of pO2 ≈0.1 Pa.
Many published articles related to nickel oxides attempted to
etermine the Ni0, Ni2+ and Ni3+ concentration by the assignation
f oxidation states to single identiﬁable peak in the Ni 2p3/2 signal
Binding Energies BE≈850–870eV) obtained by X-ray Photoelec-
ron Spectroscopy (XPS). For example Carley et al. [32] proposed
ssignment of BEs of 852.6, 854.6 and 856.1 eV to Ni 2p3/2 XPS
pectra for Ni0, Ni2+ and Ni3+ respectively. However more recent
ork from Biesinger et al. [33,34] shows that envelope spectra are
etter ﬁtted by using multiplet splitting. Due to peak asymmetries,
omplex multiplet splitting, shake-up and plasmon loss structure,
verlapping binding energies, it is quite difﬁcult to determine the
roportion of differentNi valences.Moreover the possible presence
f residual surface contaminant like hydroxide or oxyhydroxide
pecies after soft surface cleaning by etching can lead to additional
isinterpretations on the presence of Ni3+ in the NiO phase. So we
ill conduct only a qualitative comparison.
On the onehand, no signiﬁcant difference can be observed for all
amples in theNi 2pXPS spectra related to thepresenceofNi2+/Ni3+
pecies (BEs higher than 853eV). This suppose that oxygen con-
aining species localized at the surface should be present even for
he lowest oxygen partial pressure deposited sample. This is also
onsistent with the O 1s XPS spectra (not shown here) whereas
eak located at around 530eV is visible and reﬂects a local electron
ensity around O atoms.On the other hand, the spectra of the two samples deposited at
the lowestoxygenpartialpressure (pO2 <0.1 Pa) clearly showapeak
around 852.5 eV which can be deﬁnitely attributed to the presence
of Ni0. Quite logically the peak intensity for Ni0 ismore pronounced
in the case of the sample deposited at lower oxygen pressure. Even
if they are limited in our case for the determination of the presence
of Ni3+ species, XPS measurements conﬁrm however the presence
of nickel metal in the samples deposited at oxygen partial pres-
sure lower than 0.1 Pa according to the X-ray experiments. It also
pointed out that the sample deposited at the lowest pO2 contains
NiO nanocrystallized phase not quantiﬁable by XRD.
The Raman spectra in the 100–700 wavenumber range shows
the characteristic peaks of NiO phase [35,36]. First-order Trans-
verse Optical (TO) and Longitudinal Optical (LO) phonons modes
are located at 380 and 492 cm−1 respectively. However, black NiO
which is oxygen-rich phase (Ni1-xO), presents also an additional
peak that can be attributed to the non-stoichiometry. This peak is
often described in the bibliography as a shoulder located in the left
of the LO peak [37]. In our case, this extra peak is clearly shown in
the spectra of the black NiO at 460 cm−1. Mironova-Ulmane et al.
[38] explained the activation of the peak at 450 cm−1 by magne-
tostriction effect responsible for a slight rhombohedral distortion
in NiO.
From this characterization complementary to GI-XRD, XRR and
XPS, we can deduce that, even for samples deposited without oxy-
gen, a small quantity of NiO is formed inside the metallic nickel
matrix. The spectra shown in Fig. 3b are normalized for compar-
ison but the values of the real intensities of the LO peaks are
given in the inset of Fig. 3b. Below pO2 =0.04Pa, this oxide is prob-
ably nanocrystallized and then cannot be correctly observed in
XRD patterns. From the variation of the intensity of the LO Raman
peak, the quantity of NiO phase even for the lower oxygen depo-
sition pressures doesn’t seem to be negligible. The formation of
NiO when no oxygen is used during the deposition may originate
from the background gas before process gas introduction, the dif-
ferent micro-leaks compensated by pumping system, and from the
argon gas bottle. Raman shift of LO peaks stays nearly constant in
the 530–535 cm−1 range below 0.1Pa due to the presence of stoi-
chiometric NiO. For higher pressures and particularly above around
pO2 =0.1 Pa (sample #06-#07), Raman shift increases signiﬁcantly
and approaches the value of the “black” NiO due to Ni1-xO being
more and more oxygen-rich when the oxygen deposition pressure
increased. Above pO2 =0.14Pa, the evolution of Raman shift of LO
peak still continues but becomes slower. Above pO2 =0.13Pa, the
growth of the peak at 460 cm−1 conﬁrms that an oxygen-rich phase
is deposited. In conclusion, the ﬁlms deposited around pO2 =0.1 Pa
are closed to the NiO stoichiometry. Below this partial pressure
threshold, the amount of oxygen is too low to formapureNiOphase
andamixture ofNimetal and stoichiometricNiO is obtained. Above
this pressure threshold, an oxygen-richphaseNi1-xO is precipitated
due to the excess of oxygen in the gas mixture.
3.3. Surface morphology
The atomic force microscope (AFM) isoscale images of three
representative ﬁlms (samples #01, #07 and #13 deposited at
pO2 =0.00, 0.13 and 1.00Pa respectively) using the tapping mode
are shown in Fig. 4. The bright regions of the images reﬂect
the strong ﬂuctuation which means there are high peaks and
deep valleys on surface [12,30]. The dark regions are opposite. At
pO2 =0.00Pa, the nickel and argon ions hit with each other very
strongly and easily lead to the formation of crystalline phase [39].
Hence, for sample #01, the grain size are around 60nm in diameter
and ﬁlm surface is rough with Ra=9.1nm. When the oxygen par-
tial pressure increases up to pO2 =0.13Pa, the roughness decreases
as well as the grain size but in lesser proportion. At pO2 =1.00Pa,
Fig. 3. XPS and Raman analysis spectra of the Ni-O thin ﬁlms sputtered under different pO2 atmospheres: a) Ni 2p3/2 XPS spectra and comparison with bibliographical data
from refs. [32] and [33]. b) Raman spectra in the 100–700 cm-1 range. LO Raman peak intensity and shift position are reported as function of pO2 in inset.
Fig. 4. AFM micrograph and roughness (
Table 2
Ni1-xO thin ﬁlm opto-electrical properties: electrical conductivity, average absorp-
tion coefﬁcient in the 400–800nm range and optical bandgap.
Sample pO2   Eg
No. (Pa) (S/cm) (cm−1) (eV)
#01 0.00 2.16×102 2.32×107 1.81
#02 0.02 2.45×102 2.88×107 1.81
#03. 0.04 4.00×101 2.47×107 1.75
#04 0.05 3.10×10−4 5.07×106 3.55
#07 0.13 3.01×10−6 2.74×105 3.71
#08 0.14 6.15×10−6 5.38×105 3.72
t
i
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t
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o
 = ln (1)#11 0.60 2.78×10−5 1.04×106 3.69
#12 0.80 5.70×10−5 1.52×106 3.69
he ﬁlm exhibits smoother surface. When the deposition process
s conducted under an oxygen-enriched atmosphere, O• species
re generated and accelerated to the substrate by promoting an
ncrease of the bombardment of the growing layer and then, a
moothing of the surface. It may be also attributed to the increase
f nickel vacancies. With the pO2 increasing, the Ni0 species tend
o disappear due to the combination of the nickel atoms with the
ree oxygen atoms. In conclusion, the variationof the oxygenpartial
ressure has a big inﬂuence on the surface morphology. Neverthe-
ess, no signiﬁcant inﬂuence of the oxygen pressure on the grains
ize has been noticed.
.4. Electrical and optical propertiesThe electrical conductivities of the ﬁlms were reported as the
unction of the pO2 in Table 2.
The most conducting ﬁlms are those deposited under a low
xygen partial pressures (pO2 <0.05Pa): Sample #01 and sampleRa) of samples #01, #07 and #13.
#02 exhibit average electrical conductivities of 2.3×102 S/cm. This
high conductivity value could be explained by a current percola-
tion trough a nickel clusters in the ﬁlm [40]. The fact that this value
is two order of magnitude smaller than the conventional attended
value (Ni ≈5×104 S/cm) of pure Ni (nanocrystalline bulk or ﬁlm)
[41,42] is consistent with the presence of oxidized Ni species high-
lighted previously.
When pO2 increases up to 0.14Pa, the conductivity drastically
decreases due to the increase of the NiO phase. The minimum con-
ductivity value of 3.0×10−6 S/cm is reached at pO2 =0.13Pa for
sample #07 because of the complete disappearance of the metallic
nickel and the proximity of the perfect stoichiometric NiO compo-
sition which was highlighted by the previous analyses.
For higher pO2 values, the conductivity slightly re-increases up
to 6×10−5 S/cm when the pO2 increases from the pO2 =0.13Pa to
0.80Pa due to the appearance of nickel vacancies in the Ni1-xO
material. These vacancies generate new charge carriers which con-
tribute to the electrical conduction.
The total transmittance (TT) and reﬂectance (TR) as a function
of the wavelength plotted for different oxygen partial pressures
are reported in Fig. 5a and b. At each wavelength, the total
absorbance (TA) has been calculated according to TT+TR+TA=1
and reported in Fig. 5c. Knowing the thickness of each ﬁlm, the
absorption coefﬁcient () has been calculated according to Eq. (1)
for every wavelength. An average value of  in the visible range
(400≤≤800nm) is reported in Table 2.
1
(
(1 − TR)2
)t TT
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TT) spectra. To illustrate the transparency of the ﬁlms to natural white light, values
) Total Reﬂectance (TR) spectra. d) Total Absorbance (TA) spectra.
isible range are presented in Fig. 5a and b respectively to highlight
hat the optical properties drastically varieswith the oxygenpartial
ressure.
For the thin ﬁlms deposited at pO2 <0.05Pa and represented by
he black and blue curves in Fig. 5: the total transmittance is very
ow and cannot be distinguished from the wavelength axis. The
lms are dark/colored and exhibit the highest reﬂectance of the
hole series. This behavior is explained by the proportion of nickel
etal (cluster) in the ﬁlm which still important with these oxygen
ressures.
The maximum transmittance in the visible range is obtained for
ample #07, i.e. for pO2 =0.13Pa which corresponds to the mainly
iO stoichiometric composition. More than 70% of average total
ransmittance in the visible range is obtained. The minimum of
he absorption coefﬁcient  established on the whole wavelength
ange has been also obtained for this ﬁlm.
For theﬁlmdeposited at pO2 >0.13Pa, the total reﬂectanceof the
lms stays in the 10% range while the total transmittance slightly
ecreases. The inter-fringes present in the TT spectra are almost
imilar which is consistent with the lower thickness variation of
he ﬁlms with p .O2
The optical gap reported in Table 2 have been determined by
he direct band gap Tauc’s relation ((h) =A (hv−Eg)1/2) [43]
mployed from the integrated transmittance data. As shown inictures of the ﬁlms placed on a medium of patterned paper. b) Total Transmittance
ir average total transmittances in the 400–800nm visible range are also indicated.
Table 2, the direct band gap energy Eg increases drastically from
1.8 eV to 3.8 eV when the oxygen partial pressure increases from
pO2 =0 to 0.13Pa. Once again, the presence of a band gap even for
pO2 =0.00Pa prove the presence of oxidized nickel (no band gap
should be obtained for pure metallic nickel phase). The maximum
Eg value is equal to the 3.8 eV for pO2 =0.13Pa. The direct band gap
energy is almost constant for higher oxygen pressures. This value
is in agreement with those obtained in the literature [44,15,45] for
the NiO phase.
4. Conclusion
The Ni1-xO ﬁlms show apparent dependence on the variation of
oxygen partial pressure pO2 during the deposition process. In addi-
tion with the deposition rate analysis, a complete set of structural,
microstructural and opto-electrical characterizations proves that
the deposition condition used in this work allows to obtain various
nickel oxidation states (Ni0, Ni2+, Ni3+) in the whole series.
When the 0.00≤pO2 ≤0.05Pa, metallic nickel phase is detected
by the GI-XRD, XRR and XPS technics. At the same time, GI-XRD,
XRR, XPS and Raman spectrum analysis reveal that NiO is always
present in these samples as minor phase. In these samples, opto-
electrical properties are driven by the metallic phase (high total
optical reﬂectance and high electrical conductivity values) but
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Mater. Res. Bull. 3 (1968) 37–46.ffected in a measurable way by the small quantity of NiO formed
nside the metallic Ni matrix.
Metallic nickel completely vanishes for pO2 >0.05Pa.
For higher pO2, i.e. pO2 >0.10Pa, the evolution of lattice param-
ter determined by Rietveld reﬁnement as well as the preferred
rystallographic orientation, XRR-critical angle, Ni 2p3/2 XPS spec-
ra, Raman Longitudinal Optical (LO) phonon modes, electrical
onductivity, absorption coefﬁcient, direct optical bandgap and
urface topology (AFM) tends to prove that the stoichiometric
iO is obtained for pO2 ≈0.10Pa. Nickel vacancies and concomi-
ant introduction of Ni3+ species gradually appears for pO2 >0.10Pa
ithout sign of additional Ni2O3 phase in the ﬁlms. Therefore,
he as-deposited ﬁlms obtained in this work can be represent
s Ni + NiO (0≤pO2 ≤0.05Pa), NiO (pO2 ≈0.10Pa) and Ni1-xO
0.13≤pO2 ≤1.00Pa).
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